Introduction
Non-exhaust emissions of particulate matter from road traffic may originate from abrasion of vehicle parts (tyres, brake linings, clutch and bodywork) or from pavement surface abrasion and also from resuspension of dust [1] , [2] . The aim of this research is to monitor the abraded particulate matter from non-combustion processes -from abrasion of pavement surface.
A differentiation between PM emissions from road pavement abrasion and resuspension is very difficult due to their similar elemental composition [3] . For this reason, the measurements are performed in the laboratory at the Department of Highway Engineering. The issue of abraded particulate matter from pavement surfaces and the contribution of those emissions to air pollution is mostly solved in the Nordic countries [4] , [5] , [6] , [7] , [8] .
Laboratory particle sampling makes it possible to sample particulates with very low contamination from surrounding sources and meteorological factors. An important phase of the research is to determine chemical elements in the collected particulate matter and to confront it with the representation of these elements in the chemical composition of the asphalt mixture. The next step is to attempt to determine the share of the mechanical separation of PM from the pavement by evaluating the chemical composition of the materials used for studied asphalt mixtures of wearing courses and subsequently collected particulate matter PM. The research is aimed at finding dependence between the composition of asphalt mixture and collected PM.
An aggregate, asphalt binder, additives, or recycled material are basic materials for the production of different types of asphalt mixtures. The choice of materials and technological procedures for their construction or renovation affects the structural design of pavements. Vehicle motions cause mechanical wearing of the asphalt pavement surface -wearing course by vehicle tyres. That leads to gradual fragmentation and abrasion of aggregate.
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Methodology of laboratory tests of asphalt sample abrasion
The measurements are performed in the laboratory at the Department of Highway Engineering. The samples of asphalt mixtures for creation of wearing courses are used for laboratory measurements. The used asphalt mixture samples -plates of size 320 x 260 mm and thicknesses of 40 mm are rutted in the wheel tracking machine DYNA-TRACK which is used to assess the resistance to rutting of asphalt materials under conditions, which simulate the effect of traffic. The wheel tracking apparatus consists of a loaded wheel, which bears on a sample held on a moving table (Fig. 1) [9] .
The sampling of the air from inside of the machine DYNA-TRACK during the rutting of samples is performed by equipment APS 3321 (Aerodynamic Particle Sizer) and SMPS 3080 (Scanning Mobility Particle Sizer) which intercept and distribute particle range from 0.012 to 20 µm and 2 pieces of Leckel LVS3 which intercept particulate matter PM 2.5 and PM 1 on the nitrocellulose filters for the subsequent evaluation of mass concentrations and chemical analysis.
The air in the vicinity of the sample is circulated, so that the temperature is stable in the whole space around the sample. This is obtained by the swirling of particles produced during abrasion of the sample and their subsequent sampling by spectrometers APS, SMPS and low volume sampler Leckel. The mixtures are rutted by typified wheel for 12 hours through the steady working conditions. It performs 20 000 cycles during the 12 hours (i.e. 40 000 running gears). The tests of chemical composition of materials (aggregates, asphalt) of samples were carried out before the rutting of these asphalt mixture samples by XRF analyser (X-ray fluorescence spectroscopy). For the experiments was used the machine SPEKTRO iQ II (AMATEK, Germany) in the laboratory of the Faculty of Civil Engineering of the Technical University in Košice.
Chemical analysis of particulate matter intercepted on filters was carried out by ICP -MSInductively coupled plasma mass spectrometry in the laboratory at the Transport Research Centre in Brno. ICP-MS Spektrometer 8800 Triple Quadrupole (Agilent, Japan) combines the high temperatures of source of inductively coupled plasma (ICP) with mass spectrometer (MS). ICP source converts atoms of the elements into ions by the stream of argon in the sample, which are subsequently separated and detected by mass spectrometer.
Imaging of PM was done by using the scanning electron microscope VEGA TS 5136 LSU (Tescan s.r.o., Czech Republic) that permits both low vacuum and high vacuum mode of measurements with resolution up to 3.5 nm. Particulate matter was intercepted on special filters with polycarbonate membrane by means of Leckel LVS.
Results of current laboratory tests
The primordial measurements of abrasion of asphalt mixture samples were performed in the period from August 24, 2015 to September 23, 2015. Till now, the measurements of particulate matter were performed on six trial samples of asphalt mixtures with different composition. Two plates of each mixture were rutted in the laboratory and each plate was rutted two times. All six samples had the same conditions in the space of rutting during abrasion of asphalt mixtures. The total length of measurement was 12 hours. During each measurement of asphalt mixture (from four measurements) 180 4-minute air samplings were realized by means of devices SMPS and APS. Consequently, each mixture has 720 air sampling.
Marks of six rutted samples: The figures present mass concentrations noted down through 4 rutting of each mixture in 4 minutes interval of air sampling according to the aerodynamic diameter of particulates. The air from inside of the machine DYNA-TRACK was sampling by means of SMPS which intercept particle range from 12 nm to 580 nm and spectrometer APS which intercept particle range from 0.5 µm ~ 20 µm.
The figures show that the highest mass concentrations have particulates with aerodynamic diameters from 0.15 µm to 0.50 µm (Figs. 2, 3 ). The particulates with diameter less than 2.5 µm were observed through measurement samplings. The mostly observed aerodynamic diameters are highlighted in red in the first figure which indicates the trend of PM mass concentrations for the sample D-5. Diameters range from 0.145 nm to 2.13 µm.
Regarding to these results the two fraction of particulate matter PM 1 and PM 2.5 are measured during the rutting of samples and the particulates are intercepted on the nitrocellulose filters of diameter 47 mm by low volume sampler Leckel for 12 hours. The mass concentrations of particulate matter PM 1 and PM 2.5 were determined by gravimetric method for each measurement. Before the rutting of samples and after these measurements the sampling of laboratory environment were carried out by means of Leckels.
PM mass concentrations during the rutting of samples
The results of PM mass concentrations measured during rutting of asphalt mixtures are shown in the following figure (Fig. 4) . The highest concentrations were measured for the mixture with the mark S-9 (AC 11 with classic bituminous binder) and the lowest concentrations of particulate matter were measured for the sample D-5 (AC 11 with classic bituminous binder). The mixtures differ in the use of aggregate.
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The concentrations were determined by two methods -spectrometers SMPS, APS and low volume sampler Leckel. The results correlate with each other -Leckel PM 2.5 and SMPS + APS (r = 0.98) (Fig. 4) . In the mixture with the highest concentrations the aggregates melaphyre and dolomite were used and in the mixture with the lowest concentrations the siliceous limestone was used. The average mass concentration of the sample S-9 is by 6.30 µg/m 3 higher than the average mass concentration of the sample D-5. These concentrations were performed by means of SMPS and APS. By using gravimetric method the difference is determined at 5.36 µg/m 3 for particulates of fraction PM 2.5 and 4.77 µg/m 3 for particulates of fraction PM 1 . An asphalt mixture with the mark S-4 is mixture SMA with the polymer modified binder and its mass concentrations are measured by the values of mixtures with classic bituminous binder with the lowest measured concentrations (mixture D-5).
Chemical composition of particulate matter
For identification of particulate matter originating from the asphalt mixture abrasion the chemical composition of the basic materials of mixtures were carried out. The chemical elements (markers) were determined by analysis of the aggregate as filler and the asphalt as a binder. Identified elements are subsequently confronted with the elements of the particulate matter collected on the filters.
It has been found that the bituminous binder contains approximately 4.8 % of inorganic elements and organic elements are the rest. The sulphur S has the largest representation, it represents 4.19 %. The silicon Si (0.21 %) and the chlorine Cl (0.17 %) represent a higher share of identified inorganic elements.
The tests of chemical composition were also carried out for all kinds aggregates used in tested samples. In the samples the aggregates from six quarries were used (Maluzina, Badin, Solosnica, Biely Potok, Tunezice, Zirany). For XRF spectroscopy the powder samples (crushed aggregate) were used. From the analysis of materials the percentage of each selected element has been found. The results have shown that elements silicon Si and calcium Ca have the largest percentage in aggregates. The silicon Si predominates in aggregate from quarries Maluzina (melaphyre), Badin (andesite) and Solosnica (melaphyre) and the calcium Ca predominates in aggregate from quarries Biely Potok (dolomite), Tunezice (siliceous limestone), Zirany (limestone). The elements such as Mg, Al, P, Cl, and K represent a higher share of identified elements.
Chemical analysis of the exposed filters of particulate matter PM 1 and PM 2.5 was carried out by mass spectrometry with inductively coupled plasma ICP-MS. The principle of the device is that the samples are decomposed by acids by the action of microwaves. The prepared (decomposed) samples (51 filters) were analysed for the presence of selected 13 elements which have been determined by previous analyses of used aggregates and asphalt -Ca, Si, Mg, Al, Fe, P, S, Cl, K, V, Cr , Mn, Na.
The following figure (Fig. 5) presents results of analyses of selected elements. Till now, 51 filters were analysed. Two fraction of particulate matter were intercepted on these filters -fraction PM 1 and fraction PM 2.5 . For each mixture (2 plates, 4 ruttings) 4 filters of fraction PM 1 and 4 filters of fraction PM 2.5 were analysed. The figure presents average mass concentrations of selected chemical elements (markers) in intercepted particulates of fraction PM 2.5 for each tested sample. As seen from the figure all selected elements occur in the intercepted particulates. It is obvious that the released particulates from surface abrasion have similar composition as the basic materials of asphalt mixtures (aggregate, bituminous binder).
The elements Ca, S, Cl have the highest representation in the analysed filters. Calcium Ca has the highest representation in the sample with mark D-5 and its concentration is 546.22 mg/g PM 2.5 . In this sample of asphalt mixture aggregate siliceous limestone is used.
Sulphur with mass concentration 126.15 mg/g PM 2.5 has also the highest concentration in the sample D-5. With regard to the chlorine the highest concentration was measured in the sample S-4 (81.47 mg/g PM 2.5 ). On the other hand, the lowest concentrations were measured for the element vanadium V (in range from 0.01 to 0.04 mg/g PM 2.5 ) and for elements such as Cr, Mn and P.
The highest concentrations of selected elements were analysed in the sample D-5. Although the sample with mark D-5 has the lowest mass concentrations of particulate matter, sample R-9 presents the lowest mass concentrations of these elements and it is together 211.77 mg/g PM 2.5 . The aggregates rich in lime stones are prone to polishing of its surface, the aggregates rich in feldspars have an average polishing and the aggregates rich in quartz are quite resistant to polishing. To exemplify, the highest mass concentration of calcium was measured in the sample in which the siliceous limestone is used.
Morphology of abraded particulate matter
Particulate matter (PM) is considered a mixture of chemical components originated from a variety of sources with specific physical parameters (such as shape, diameter, electric charge, solubility, surface of the particles) and chemical composition (organic and inorganic compounds). Sources, mechanisms of formation, meteorological conditions, distance from the source and other conditions determine these basic parameters [10] . To gain a better understanding of PM origin and behaviour, it is necessary to describe their chemical composition and size distribution.
Imaging of PM was done by using the scanning electron microscope VEGA TS 5136 LSU (Tescan s.r.o., Czech Republic) in Transport Research Centre in Brno. Several types of filters are commonly used in sampling aerosols, but not all are compatible with SEM/EDX analysis [11] . Particulate matter was intercepted on special filters with polycarbonate membrane.
Surfaces of exposed filters placed on carbon plaster were coated by using device Bal-Tec SCD 050 with 20 nanometres thin layer of gold to divert the arising charge from the place of impact of the electron beam. This allows achieving the PM image at magnification of 100 thousands in the very good quality suitable for the precise determination of the PM shape. Prepared samples were observed in high vacuum mode (0.02 Pa) with the cathode high voltage of 30 kV. Low-energy secondary electrons that are ejected from the k-orbital of the specimen atoms by inelastic scattering interactions with beam electrons were used for imagination. The brightness of the signal depends on the number of secondary electrons reaching the detector. If the beam enters the sample perpendicular to the surface, then the activated region is uniform about the axis of the beam and a certain number of electrons are emitted from the sample. As the angle of incidence increases, the emission distance of one side of the beam will decrease, and more secondary electrons will be emitted. Thus steep surfaces and edges tend to be brighter than flat surfaces, which results in images with a well-defined appearance [10] , [11] , [12] .
Sharp-edged particles were observed on contaminated filters in a numerous representation. These particles can be characterized as fragments of geological materials (aggregates used in the mixtures). As a result, we can say that the particles are abraded from the mixtures during the rutting and the abrasion of aggregates used for asphalt mixtures could be the source of these particles. Scanning electron microscope (SEM) may be used to determine the possible sources based on the size and shape of the particles. Nevertheless, for more proper PM sources identification it is suitable to combine the knowledge on separate PM morphology with the chemical composition of PM. PM origin interpretation only on the basis of morphology characterization without the chemical composition knowledge could be in some cases inaccurate or misleading.
Abrasion of individual components of the mixtures must be confirmed by means of chemical analysis of the particulates collected on nitrocellulose filters and its subsequent comparison with the composition of each tested mixture. Thus, obtained results presented in this paper were compared with data published in scientific literature [10] , [11] in which the same PM shapes were observed and assigned to specific source.
Discussion to the current results
In addressing the research the initial laboratory measurements of asphalt wearing course samples were carried out. Number and mass concentrations of particulate matter released during rutting of selected samples were measured. The PM concentrations were determined by two methods -spectrometers SMPS, APS and low volume sampler Leckel. The tests of chemical composition of sample materials (aggregates, asphalt) were carried out before the rutting of these asphalt mixture samples by XRF analyser (X-ray fluorescence spectroscopy). Also, the chemical analyses of particulate matter intercepted on filters were carried out by ICP -MS (Inductively coupled plasma mass spectrometry).
So far, 24 tests have been performed for 6 samples of asphalt mixtures. It follows that each asphalt mixture had four available measurements. The mixtures differ in the use of aggregate and bituminous binder. The highest concentrations were measured for the mixture with mark S-9 (AC 11 with classic bituminous binder) and the lowest concentrations of particulate matter were measured for the sample D-5 (AC 11 with classic bituminous binder). In the mixture with the highest concentrations the aggregates melaphyre and dolomite were used and in the mixture with the lowest concentrations the siliceous limestone was used. The particulate matter with diameter less than 2.5 µm was observed through measurement by means of APS and SMPS.
Imaging of PM was done by using the scanning electron microscope. Scanning electron microscopy (SEM) is an effective tool for the identification of PM sources. However, for more proper PM sources identification it is suitable to combine the knowledge on separate PM morphology with the chemical composition of PM. For examination the particulate matter shapes and sizes from abrasion of asphalt mixture surfaces the electron microscope was used. In numerous representations sharpedged particles were observed on the filters, probably fragments of geological origin. Therefore we can say that the particulate matter is abraded from asphalt mixture surfaces and it may originate from abrasion of aggregates used in the mixtures.
From chemical analyses a number of facts about content of individual elements in the investigated materials have been revealed. The elements Si and Ca have majority representation in the aggregates. The elements of the under-representation in the aggregates are Mg, Al, Fe. The bituminous binder contains primarily elements of organic chemistry but sulphur S is majority element from inorganic elements.
From PM chemical analyses the average mass concentrations of selected chemical elements were found for each tested sample. The elements Ca, S, Cl have the highest representation in the analysed filters. Calcium Ca has the highest representation in the sample with mark D-5 and in this sample the aggregate siliceous limestone is sussed. On the other hand, the lowest concentrations were measured for the element vanadium V, Cr, Mn and P. As resulting, the released particulates from surface abrasion have similar composition as the basic materials of asphalt mixtures (aggregate, bituminous binder).
The aim of experimental measurements is to confirm the abrasion of pavement surface as a source of particulate matter and to verify the impact of the composition of asphalt mixture for the PM production during the rutting of samples. The findings from chemical analyses will be further applied in the next phase of research and used for verification of this impact.
The measurements are still being continued and next assessment of PM concentrations and contents of selected elements in PM are expected in order to compare the asphalt mixtures with each other in terms of production PM.
